Aims Myrmecophytes, or ant-plants, are characterized by their ability to shelter colonies of some ant species in hollow structures, or ant-domatia, that are often formed by hypertrophy of the internal tissue at specific locations (i.e. trunk, branches, thorns and leaf pouches). In Hirtella physophora (Chrysobalanaceae), the focal species of this study, the ant-domatia consist of leaf pouches formed when the leaf rolls over onto itself to create two spheres at the base of the blade. † Methods The morphological and anatomical changes through which foliar ant-domatia developed from the laminas are studied for the first time by using fresh and fixed mature leaves from the same H. physophora individuals. † Key results Ant-domatia were characterized by larger extra-floral nectaries, longer stomatal apertures and lower stomatal density. The anatomical structure of the domatia differed in the parenchymatous tissue where palisade and spongy parenchyma were indistinct; chloroplast density was lower and lignified sclerenchymal fibres were more numerous compared with the lamina. In addition, the domatia were thicker than the lamina, largely because the parenchymatous and epidermal cells were enlarged. † Conclusions Herein, the morphological and anatomical changes that permit foliar ant-domatia to be defined as a specialized leaf structure are highlighted. Similarities as well as structural modifications in the foliar ant-domatia compared with the lamina are discussed from botanical, functional and mutualistic points of view. These results are also important to understanding the reciprocal evolutionary changes in traits and, thus, the coevolutionary processes occurring in insect -plant mutualisms.
INTRODUCTION
Interactions between ants and myrmecophytic plants are widespread and provide one of the best known example of mutualism (Bronstein et al., 2006) . Resident ants protect their host plant from herbivorous insects, encroaching vines and competing plants (Janzen, 1966; Fonseca, 1994; Gaume and McKey, 1998; Heil and McKey, 2003) . In exchange, the myrmecophytes provide ants with a nesting place in natural, hollow structures (known as ant-domatia), and often also food through food bodies and/or extra-floral nectar (Beattie, 1985; Benson, 1985; Beattie and Hughes, 2002) . Ant-domatia have been defined by Beattie and Hughes (2002) as 'plant structures that appear to be specific adaptations for ant occupation, often formed by the hypertrophy of internal tissue at particular locations in the plant, creating internal cavities attractive to ants'. These hollow structures have been recorded in a variety of phylogenetically distant families of plants. They may be located in the trunk, the petiole, the stipule or the leaf blade depending on the plant species and they differ greatly in their morphology and anatomy (Jolivet, 1996) . Based on the extent to which pre-existing structures become modified, Benson (1985) distinguished primary from secondary domatia. Primary domatia derive from natural cavities, such as hollow stems, petioles or thorns; secondary domatia are described as qualitatively distinct organs of ant-plants that derive from a modified structure (Benson, 1985) .
Few studies have discussed the morphological and anatomical characteristics of these structures and they have mainly been concerned with the anatomy of primary domatia (Bailey, 1922 (Bailey, , 1923 Brouat et al., 2001; Federle et al., 2001) . Ideally, to be able to assess Benson's principle, the structure of domatia should be compared with the structure of the same organ on a conspecific individual that did not develop domatia. Such individuals are, however, extremely rare (Blüthgen and Wesenberg, 2001; Gaume et al., 2005) , so that at best one can make comparisons at the genus level between myrmecophytic and non-myrmecophytic species (Tepe et al., 2007a) . This approach allowed Tepe et al. (2007a) to describe new qualitative modifications in existing structures in cauline ant-domatia. With regard to leaf pouches, their shapes have played an important role in the taxonomy of myrmecophylous Melastomataceae and comparative * For correspondence. E-mail orivel@cict.fr studies at the genus level of this family have revealed morphological and anatomical variations (Michelangeli, 2000; Michelangeli and Stevenson, 2004) . However, leaf pouches, which result from the curling under of the leaf margin, have not yet been studied with regards to Benson's principle, although they can be directly compared with the lamina of the same leaf. In this way, Sampson and McLean (1965) and Nishida et al. (2006) have revealed clear qualitative anatomical differences for mite-domatia.
In the present study, Benson's principle (Benson, 1985) was tested to highlight the nature and degree to which leaf pouches (as secondary ant-domatia) in the ant-plant Hirtella physophora (Chrysobalanaceae) derived from structural changes in the leaf lamina. The morphology and anatomy of the domatia and lamina on mature leaves were investigated with three main objectives in mind: (1) to describe qualitatively the morphological and anatomical structures of the domatia and lamina in such a way as to make their differences and similarities clear; (2) to compare quantitatively the different characters described; and (3) to determine whether, from both morphological and anatomical points of views, ant-domatia not only fulfil a novel function, but might actually be considered as a specialized leaf structure.
MATERIALS AND METHODS

Model system and study site
The genus Hirtella (Chrysobalanaceae) comprises 98 species, of which only seven are mymecophytic (Prance, 1972) . Hirtella physophora Martius & Zuccharini is a small tree of the Amazonian rainforest understorey that can reach 6 m in height. This myrmecophyte is mainly associated with the ant Allomerus decemarticulatus Wheeler (Myrmicinae) (Dejean et al., 2005) . Ant-domatia are present on all of the leaves of an adult tree and they are used as permanent nest-sites by the resident ants (one colony per tree). The domatia consist of two spheres on either side of the petiole at the base of the leaf blade on the abaxial surface of the leaf (Fig. 1A) . The natural entrances to the two adjacent leaf pouches are on the abaxial surface of the leaf, on either side of the main vein, near the lamina. Hirtella physophora bears extra-floral nectaries (EFNs) on its leaves (Prance and White, 1988) .
Plant samples were collected in a pristine forest in the area around Petit Saut, Sinnamary, French Guiana (5803 0 39 00 N, 53802 0 36 00 W) in February, 2007. One mature leaf from each of seven adult trees was fixed in FAA (5 % formalin, 5 % acetic acid, 50 % ethanol) for 1 -2 weeks, and then transferred to 70 % ethanol for longterm storage. Additional observations were also made on freshly collected samples.
Morphological measurements
For each leaf, the surface areas (mm 2 ) of all of the EFNs were recorded in each domatia and for the same number in the corresponding lamina that were calculated by measuring the diameters (length and width) under a stereomicroscope equipped with an ocular micrometer.
Stomatal density and guard cell lengths were determined for the abaxial surface of each lamina and the inner part of each domatia from imprints made using transparent nail varnish. The number of stomata per mm 2 was then recorded under an optical microscope for each preparation in five randomly selected areas. Stomatal aperture lengths, defined as the distance between the junctions or ends of the guard cells, were measured using an ocular micrometer. Within each area selected, the lengths of four stomatal apertures were measured and 20 stomata were measured for each lamina and ant-domatia sample.
Anatomical structure and measurements
The anatomical structure of all of the leaves (lamina and ant-domatia) was investigated to describe the structure and to quantify tissue thickness and cell area. For the lamina, a median portion excluding the main vein was selected on each leaf studied to avoid any anatomical variations; for the domatia the part opposite from the petiole was sampled (see Fig. 1B ). Both lamina and domatia samples were dehydrated in 80, 90 and 100 % ethanol. The samples were then progressively infiltrated with medium-grade LR White resin (London Resin White, Agar Scientific, Redding,CA, USA). After polymerization of the resin, 1-mm-thick crosssections were obtained with an ultra microtome (UltraCutE, Reichert-Leica, Germany); they were then stained with 0 . 05 % toluidine blue O. The different cross-sections were observed by using an inverted microscope (Leica DMIRBE, Rueil-Malmaison, France). Images were acquired with a CCD camera (Color Coolview, Photonic Science, Robertsbridge, UK) and processed using image analysis software (Image-ProPlus, Media Cybernetics, Silver Spring, MD, USA). For each section, a high-resolution picture was made of its most visually representative part. The following were then measured: (1) the thickness (mm) of the lamina and domatia (20 replicates on regions of the section away from protruding veins); (2) the thicknesses of the different subsequent tissues (20 replicates per tissue and per image); and (3) the thickness of the outer surface of the upper and lower epidermal cell wall including the cuticle (20 replicates for both the abaxial and the adaxial surfaces per image). The areas (mm 2 ) of the epidermal (upper and lower epidermis) and the parenchymatous cells were determined from two to four images of different sections of the domatia and the lamina, respectively.
Lignin visualization (Wiesner reagent) was made possible by staining 50-mm-thick sections of freshly collected material with phloroglucinol in such a way as to characterize the composition of the sclerenchymal fibres around the vascular bundles both in the lamina and in the domatia. From these freshly collected samples, other semi-thin sections were observed via confocal microscopy (LSM-SP2 Leica, Germany) with a 40Â water immersion lens (NA 0 . 75). Auto-fluorescence was collected (1) in the range between 410 -460 nm and 500 -560 nm to visualize cell walls (using a 405-nm diode laser and the 488-nm excitation line of an Ar laser, respectively), and (2) in the range 645-720 nm for chloroplasts (633-nm excitation line of an HeNe laser). Images were computed using a projection of 20-30 plan-confocal images acquired in the z dimension. Measurement values were compared for individuals using the paired t-test (SYSTAT v.11 . 0 software).
RESULTS
The domatia result from the curling under of the leaf margin on either side of the petiolar insertion. The EFNs are distributed in a spiral inside the domatia in continuity with the leaf blade (Fig. 1C, D) . No anatomical differences were noted in the EFNs located inside the domatia or on the leaf blade (data not shown). The average number of EFNs inside the domatia was quite constant at 8 + 1 . 04 (mean + s.e.), while it was more variable on the leaf blade (13 + 3 . 65). Moreover, the EFNs located inside the domatia were three times as large as those on the abaxial surface of the laminas (Fig. 1C-F and Table 1 ).
As expected, the lamina exhibited a typical leaf structure with well-developed palisade and spongy parenchyma on the adaxial and abaxial surfaces, respectively ( Fig. 2A) . These parenchyma were delimited by a layer of epidermal cells covered by a thin cuticle. Stomata were present in the abaxial epidermis. The vascular bundles were composed of phloem towards the abaxial surface and xylem towards the adaxial surface. Sclerenchyma fibres were always associated with these two tissues, but were more numerous on the abaxial surface. Phloroglucinol-stained sections revealed that these sclerenchyma cells were lignified (in red, Fig. 2C, D) . Conversely, the domatia did not exhibit this typical type of tissue organization. In none of the transverse sections of the samples were either palisade or spongy parenchyma observed (Fig. 2B) . Moreover, the walls of the domatia were 2 -3 times thicker than the leaf laminas ( Fig. 2A, B and Table 1 ). The greater thickness of the ant-domatia was mainly related to enlargement of all the parenchymatous cells, including the epidermal cells on the abaxial surface (they were 2 -3 times larger in domatial structures than in the leaf laminas). Moreover, changes in the abaxial epidermal layer, which delimits the nesting space of the ants, should be underlined. First, the thicknesses of the surface of the lower and upper epidermal outer cell walls, including the cuticle, were clearly greater in ant-domatia when laminas were compared. Second, the density of the stomata was dramatically lower. It was obvious from imprints of the abaxial surface that there were only a few stomata on the lower epidermis in the domatia and that the apertures of these stomata were, in contrast, larger (Table 1) . Third, within the parenchyma the enlarged cells (as indicated previously) showed some cell-wall thickening, especially on the abaxial surface (Fig. 2B) . Fourth, there were relatively few intercellular spaces between cells. Fifth, although the overall organization of the vascular bundles was not dramatically different (Fig. 2C, D) , lignified sclerenchymal fibres surrounded the vascular tissues and were clearly more numerous than the leaf lamina. Finally, chloroplasts were observed in both the lamina and the domatia and their density was higher in the adaxial epidermis than in the abaxial epidermis (Fig. 2E, F) . However, the density of the chloroplasts was lower in the parenchymatous tissue of the domatia than in the lamina tissue.
DISCUSSION
The results demonstrate that the foliar ant-domatia of H. physophora differ both morphologically and anatomically from the leaf lamina. Observations here show that leaf pouches, which are located at the base of each leaf, are created not only when the lower part of the lamina rolls under itself, but are inherent plant structures that also undergo important structural and functional modifications.
When compared with the lamina, palisade and spongy parenchyma are entirely absent from H. physophora ant-domatia. The palisade parenchyma is commonly thought to be a specialized type of photosynthetic tissue, bringing the chloroplast into a more favourable position with reference to light (Esau, 1965) . The lack of differentiation of the palisade tissue and the low chloroplast density among parenchymatous cells suggest that the photosynthetic capacity of the domatia is lower than for the lamina. In addition, the persistence of stomata in the domatial cavity suggests that there may be an exchange of gases between the plant and its occupants. Treseder et al. (1995) demonstrated that ant respiration is an additional source of CO 2 in ant-occupied leaves of the myrmecophytic epiphyte Dischidia major (Asclepiadaceae). Indeed, in D. major as in H. physophora, the stomata are located on the internal surfaces of leaf cavities and absorb the carbon dioxide produced through ant respiration. The cavity of the H. physophora ant-domatia could thus be characterized as a particular micro-environment with a higher CO 2 content and lower incident light compared with the surface of the lamina. Higher CO 2 levels or a reduction in the amount of incident light are the two major parameters that could explain a reduction in stomatal density (Oberbauer and Stain, 1985; Woodward and Kelly, 1995; Gutschick, 1999; Aranda et al., 2001; Brownlee, 2001; Woodward et al., 2002) . In the present study, comparisons between the number and the size of the stomata on ant-domatia and on the lamina reinforced the general premise that the larger the length of the guard cells, the lower the stomatal density (Hetherington and Woodward, 2003) .
Ant-domatia also have a very compact structure characterized by a thick layer of parenchymatous tissue, a thick outer surface to the lower epidermal cell wall, including the cuticle, a highly compact arrangement of the larger parenchymatous cells and a thick secondary parenchymatous wall. These abaxial parenchymatous cells could be considered as collenchyma-like cells. Niklas (1999) pointed out by using a biomechanical approach that parenchymatous and collenchymal tissues are both highly viscoelastic tissues, thus enabling the plant to use the parenchyma as load-bearing tissue (Spatz et al., 1997; Niklas, 1999) . Furthermore, cellulosic deposits thicken the primary cell walls of the abaxial parenchyma, thus reinforcing the rigidity of the ant-domatia. In addition, ant-domatia are clearly highly vascularized, something that has also been observed in Hirtella myrmecophila (Izzo and Vasconcelos, 2002) , and each vascular bundle is heavily sclerenchymatized. Roth-Nebelsick et al. (2001) pointed out that venation density and geometry contribute to the mechanical stability of the leaf based on the lignified xylem and sclerified elements.
In contrast to what is generally observed in leaves, the thickness of the outer surface of the epidermal cell walls, including the cuticle, was higher on the abaxial surface than on the adaxial surface. The cuticle serves different functions, such as acting as an impermeable barrier against water vapour loss from tissues (Schreiber and Riederer, 1996) , attenuating short-wave radiation (Krauss et al., 1997) , and/or deterring herbivorous insects (Peeters, 2002) and certain pathogens (Carver and Gurr, 2006) . The cuticle may also play an important role in preventing cell damage when ants traverse the cavity of the domatia. Besides housing, H. physophora also provides food rewards to its guest ants in the form of nectar from EFNs situated on the abaxial part of the lamina and of the domatia, while the congeneric myrmecophyte H. myrmecophila does not bear any EFNs at all (Romero and Izzo, 2004 Food-bodies can be produced on various part of the plants (Webber et al., 2006) , including inside the primary ant-domatia of various myrmecophytes (Risch and Rickson, 1981; Linsenmair et al., 2001; Fischer et al., 2002) and even the leaf pouches of myrmecophytic Melastomataceae (Roth, 1976; Cabrera and Jaffe, 1994; Alvarez et al., 2001; Nery and Vasconcelos, 2003; Tepe et al., 2007b) . Nevertheless, to the best of our knowledge this is the first time that EFNs have been observed inside ant-domatia. The presence of these EFNs inside the domatia will contribute to the success of the claustrally founded A. decemarticulatus colonies because all the individuals are fed until some workers become foragers. In other myrmecophytes, EFNs are most often located on the leaf blades (Linsenmair et al., 2001; Gaume et al., 2005) or the petiole/rachis between pairs of leaflets, sometimes along the midvein (Elias, 1980) and exceptionally on the trunk at the base of the branches, along the branches and on the leaves (Breteler, 1999) . The present study has made it possible to show that the coevolutionary processes occurring in insect -plant mutualisms brought about changes in the leaf laminas, which, in turn, led to the formation of novel, specialized leaf structures. Furthermore, a thorough examination of the anatomical characters of these leaf pouches has shown that they have reduced their photosynthetic ability, while at the same time they have become more specialized in housing and feeding ants. Given their own structural and functional characteristics, the leaf pouches of H. physophora may be defined as a new leaf-derived plant structure. From a developmental point of view, Michelangeli and Stevenson (2004) found differences in the ability of leaves to expand based on the position of the leaf pouches in the Melastomataceae. Maieta guianensis pouches, which are immersed in the leaf blade, develop during leaf expansion; by contrast, those of Tococa guianensis, situated at the apex of the petiole, develop prior to leaf expansion. In contrast to H. physophora, pouches of which persist throughout the entire life of the leaf, old H. myrmecophila pouches dry out and fall off, while the leaf blades remain active for more than 2 years (Izzo and Vasconcelos, 2002) . Thus, leaf pouches and laminas are characterized by different developmental growth rates and overall life spans that could be attributed to their own meristematic activity.
The present study focused on mature leaves to highlight the major morphological and anatomical differences between the lamina and the ant-domatia. However, further studies are necessary to understand the mechanisms behind the formation and development of H. physophora ant-domatia during leaf expansion throughout the ontogeny of the plant. Finally, other myrmecophytic species bearing leaf pouches need to be studied in such a way as to define the morphological and anatomical changes common to these specialized leaf structures.
